Background: Pulmonary perfusion scintigraphy is a useful method to assess improvements in airflow limitation. However, the number of institutions equipped with pulmonary perfusion scintigraphy equipment is limited. Computed tomography (CT) scans are quick to perform and can be performed in severe cases. Recently, it has been reported that the percentage of the cross-sectional area of pulmonary small vessels (%CSA<5) can be measured by analyzing CT images that correlate with the radionuclide uptake rate shown by pulmonary perfusion scintigraphy. Methods: We retrospectively reviewed CT scans of 14 patients with unilateral bronchial obstruction due to malignant disease to measure the %CSA<5 before and after interventional bronchoscopy using the semi-automatic image-processing program (ImageJ). In 5 cases, we examined the correlation between the %CSA<5 and the radionuclide uptake rate visualized by pulmonary perfusion scintigraphy. Results: The %CSA<5 in the obstructed side of the lung after treatment displayed significant improvements after intervention (p = 0.04). Among the 5 cases that underwent pulmonary perfusion scintigraphy before and after the treatment, the radionuclide uptake rate of the obstructed side improved in all patients, whereas the %CSA<5 improved in 4 of the 5 patients. Conclusion: Measurement of the %CSA<5 might be useful to assess the outcome of interventional bronchoscopy.
Introduction
Severe airway obstruction due to malignant disease can cause symptoms such as dyspnoea, wheezing, and failure to expectorate mucus, and is often associated with complicated atelectasis and lung abscess. Patients suffering from airway obstruction can receive significant relief from life-threatening symptoms via interventional bronchoscopy, and performing interventional bronchoscopy at the exact location of the obstruction can provide the greatest functional benefit to patients [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . It is essential to improve obstructions, usually using chemotherapy and radiation as the first choice of treatment 11, 12) . However, if the airway obstruction is predominantly due to extrinsic compression by tumour or metastatic lymph nodes, interventional bronchoscopy should be considered.
In physiological assessments, we have noted distinct flow-volume curve patterns specific to the type of obstruction 10) . Although flow-volume curves are widely used and easy to generate in daily clinical set-tings, they cannot discriminate between the left and right lungs. Furthermore, in patients with bronchial obstructions, pulmonary function tests may not show significant changes after intervention 13) . Hauck et al. reported that the normalization of blood flow via interventional bronchoscopy in patients with bronchial obstruction showed improvements for ventilation in the obstructed side of the lung 14) . Pulmonary perfusion scintigraphy requires approximately 30 minutes to perform, and it is difficult for patients with airway obstructions to remain in a supine position for long periods of time. Furthermore, there are few institutions that are equipped with the necessary equipment to perform pulmonary perfusion scintigraphy. On the other hand, the time required for CT imaging is very short, making it suitable even in severe cases. Recently, it was reported that the cross-sectional area (CSA) measured by analyzing CT images correlates with the radionuclide uptake rates shown by pulmonary perfusion scintigraphy 15) . In this study, we retrospectively investigated the changes in CSA in patients with unilateral bronchial obstruction due to a malignant disease to evaluate the effects of interventional bronchoscopy.
Material and Methods

Subjects
We retrospectively reviewed CT scans of patients who were referred to our institution between April 2008 and March 2016. This study was approved by our institutional review board, waiving the need for informed consent (approval number 3126). We selected CT scans of adult patients who met all the following criteria: patients with unilateral bronchial obstruction due to a malignant disease who underwent interventional bronchoscopy, and patients with CT scans performed within 7 days before and after the interventional procedures. We excluded cases with abnormal parenchymal lesions or unclear CT images that prevented analysis using the software. We examined correlations between CSA and the radionuclide uptake rate shown by pulmonary perfusion scintigraphy.
Computed Tomography (CT)
CT examinations were performed using a 16-, 64-, or 80-detector CT scanner (Aquilion 16, Aquilion 64, and Aquilion Prime, Nasu, Japan, Toshiba Medical Systems). CT was performed during a breath-hold at a deep inspiration with the patient in the supine position. The MDCT parameters were as follows: 120 kV and 80-300 mA; collimation, 0.5 mm; gantry rotation time, 0.5 s; and a beam pitch of 0.81-0.94. All images were reconstructed using a standard reconstruction algorithm with a slice thickness of 1 mm 15) .
CT Measurement of Pulmonary Small Vessels
CT measurements of pulmonary CSA have been described in previous literature 17, 18) . In brief, the following procedures were performed. For measurements of pulmonary CSA, all CT images (1-mm slice thickness) at 1-cm intervals were selected from approximately 1 cm below the apex to approximately 1 cm above the base of the lung. Measurements were performed for the upper, middle and lower regions of the affected lung. CT images were divided into upper, middle and lower zones. The upper zone was defined as CT sections located above the aortic arch, the middle zone located below the carina, and the lower zone located below the inferior pulmonary vein. These CT images were analyzed using a semiautomatic imageprocessing program, ImageJ version 1.49v (imagej.nih.gov).
CSA measurements were conducted as follows: first, the lung field was segmented using a threshold technique with all pixels between -500 and -1024 HU on each CT image (Fig. 1A) . Next, the segmented images were converted into binary images with a window level of -720 HU. Using the Analyze Particles function of ImageJ, which can count and measure objects into binary images, the number of vessels of a specified size, and the CSA of each size range on every CT slice were determined. Simultaneously, vessels that ran oblique or parallel to the slice were excluded using the Circularity function of ImageJ, where circularity was calculated as 4π × [area / (perimeter) 2 ] of the structure of interest. Circularity values can range from 0 (straight line) to 1.0 (circle), and a range of circularity from 0.9 to 1.0 was used so that only vessels that ran essentially perpendicular to the plane of the CT slice, based on their shape in the image, were analyzed.
We measured the CSA of vessels less than 5 mm 2 (CSA<5), which showed the highest correlation with pulmonary blood flow 15) . Measurements were performed for the upper, middle and lower zones of the affected lung. The areas of all vessels with a CSA<5 were calculated and summed in each image slice and expressed as a percentage of the area in the measured field of the affected-side lung (%CSA<5) for each image.
Pulmonary Perfusion Scintigraphy
Six static views with anterior, posterior, and right-to-left lateral, oblique posterior, and anterior projections were acquired immediately after an IV injection of 115-233 MBq of 99mTc-MAA using gamma cameras. Using anteroposterior and posteroanterior projections, regions of interest were manually drawn around the right and left lungs. Lung counts were averaged for anterior and posterior projections. We determined right, left and total lung counts and then calculated the percentage of the affected side relative to the whole lung (%MAA affected/W).
Statistical Analysis
All statistical analyses were performed using SPSS Statistics version 19 (SPSS Inc., Chicago, IL, USA). The %CSA<5 of the affected side was statistically analyzed. P values were considered significant at less than 0.05. Significant differences in %CSA<5 and %MAA affected/W before and after interventional bronchoscopy were evaluated using Wilcoxon signed-rank tests.
Results
Of the 30 cases considered for assessment, 3 cases were excluded because interventional bronchoscopy was undertaken at the healthy lung side, and 13 cases were excluded due to a change in lung lesions after bronchoscopy, making them unsuitable for image analysis. The characteristics of the remaining 14 cases included in this study are shown in Table 1 . Symptoms and pulmonary function test (PFT) results significantly improved for all patients ( Table 2) . There was no statistical correlation between PFTs and %CSA<5 in the 9 cases in which PFTs could be performed.
The %CSA<5 of the obstructed side of the lung displayed significant improvements after intervention (p = 0.04) (Fig. 2) .
In addition, of the 5 cases that underwent pulmonary perfusion scintigraphy and CT within 7 days before and after treatment, improvements in %CSA<5 were seen in 4 cases, while the %MAA im- proved after treatment in all cases ( Table 3) .
In a 72-year-old female patient with lung cancer, CT showed an extrinsic compression of the left main bronchus at the location of metastatic lymph nodes (Fig. 3A) . We performed balloon dilation at the left main bronchus and placed a silicone Y stent from the trachea to both main bronchi (Fig. 3B) . After the procedure, the airway obstruction was eliminated, and the %CSA<5 of the affected side improved from 1.528% to 1.885% (Fig. 3C and D, respectively) . The %MAA of the affected side also improved from 13% to 59.4% (Fig. 3E and F, respectively) .
Discussion
In this study, the cross-sectional area of pulmonary small vessels improved after interventional bronchoscopy in cases of unilateral bronchial obstruction. CT is non-invasive and can be performed in many hospitals, and it is applicable in severe cases. Thus, CT analysis appears to be useful in evaluating the effectiveness of treatment in cases where PFTs or quantitative pulmonary perfusion scintigraphy could not be performed. Furthermore, evaluation of the %CSA <5 via CT was effective to asess treatment effects in emergent cases. This is the first report to demonstrate improvements in the %CSA<5 after removing airflow limitations.
Matsuoka reported that the %CSA<5 was found to have a negative correlation with the extent of emphysema, degree of airflow limitation, and severity of pulmonary hypertension [15] [16] [17] . Further, Karayama reported that the %CSA<5 significantly decreased after chemotherapy and mentioned that this result was indicative of the potential vascular toxicity induced by chemotherapy 18) . In this study, the %CSA<5 improvement in the affected side of the lung was observed after the dilation of a unilateral bronchial obstruction via interventional bronchoscopy. A possible mechanism for this improvement is the amelioration of the hypoxic pulmonary vasoconstriction (HPV) caused by airway obstruction. HPV is a fundamental physiological process whereby ventilation/perfusion matching is optimized through the constriction of the pulmonary circulation supplying poorly ventilated lung units 19) . Airway obstruction caused by malignant diseases may cause HPV, leading to decreases in blood flow perfusion. After interventional bronchoscopy, the improvement of hypoxic conditions in the affected lung may relieve HPV. The %CSA improvement observed in this study is considered to be indicative of increases in lung perfusion due to the elimination of HPV.
Case 2 in Table 3 did not show a correlation between %CSA<5 and %MAA. For this case, the left bronchus was obstructed on CT, but intraoperative endoscope revealed a stenosis in the right bronchus confirming bilateral airway obstruction. Therefore, there was no reduction in %MAA prior to treatment. Thus, %CSA<5 cannot be used in cases of bilateral airway obstruction that cannot be found before treatment.
In this study, there was no statistical correlation between PFTs and %CSA<5 in the 9 cases in which PFTs could be performed. Possible reasons for the results are as follows: small numbers of cases and the exclusion of cases that improved clinically without performing PFTs because of the patient undergoing intubation before treatment.
We acknowledge that this study had some limitations. First, there were some situations in which the evaluation of %CSA<5 via CT could not be performed due to lung field abnormalities, such as atelectasis and pneumonia. Second, ventilation scintigraphy was not performed in this study. Thus, we could not accurately evaluate improvements in ventilation after the treatment. Third, this method cannot be used in cases of bilateral airway obstruction that cannot be found before treatment. Fourth, the correlation between %CSA<5 and %MAA could not be evaluated statistically because there are only 5 cases of CT and pulmonary perfusion scintigraphy before and after treatment.
In conclusion, the %CSA<5 of the affected lungs significantly improved after the removal of airflow limitations, and the %CSA<5 assessed via CT might be a useful measure to evaluate improvements in pulmonary blood flow after treatment. 
